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Infectious proviral clones of simian foamy virus isolated from chimpanzee (SFVcpz) were generated by long PCR. Two
overlapping fragments representing the complete provirus were amplified from genomic DNA of infected cells. Four 8.8-
kbp amplimers extending from base 1 of the provirus into the env gene and five 4.45-kbp amplimers reaching from env to
the end of the 3*-LTR were cloned into pCR II. Subsequently, the proviral fragments were combined in a chessboard manner
to generate 20 plasmids containing full-length proviral DNA. Four plasmids produced infectious virus after transfection of
susceptible cells. A distinct proviral form bearing a deletion in the transactivator gene joining both exons of a second
regulatory gene present in wild-type foamy virus-infected cells started to emerge 48 hr after transfection of BHK cells with
infectious SFVcpz DNA. This observation supports a novel hypothesis to explain establishment of foamy virus latency. The
transactivator protein Taf of SFVcpz transcomplemented for the homologous protein Bel-1 of the unique human foamy virus
isolate (HFV) and Bel-1 exhibited the reciprocal activity, suggesting that HFV could represent a variant of chimpanzee foamy
virus. q 1995 Academic Press, Inc.
Simian foamy virus from chimpanzee (SFVcpz) (8) is a Here we report on several biologically active molecular
proviral clones of SFVcpz generated by the long PCRmember of the genus Spumavirus in the Retroviridae fam-
ily (15, 18). The SFVcpz nucleotide sequence had been technique. These clones contribute to the understanding
of simian foamy virus biology. In particular, we demon-determined from several overlapping PCR-derived mo-
lecular clones (8). With 13,246 bp, SFVcpz possesses the strate that the transactivator protein Taf of SFVcpz cross-
transactivates the LTR promoter of HFV, and bel-1, thelargest provirus of all mammalian retroviruses (EMBL/
GenBank Accession No. U04327). Its complex genome corresponding protein encoded by HFV, exhibits the re-
ciprocal ability, while Taf of the distantly related isolateorganization is marked by the virally encoded transcrip-
tional transactivator gene (taf ) and another open reading SFV-3 does not transactivate the LTR of HFV. A proviral
form bearing a specific deletion in the taf gene is gener-frame (orf-2) coding for the second exon of the Bet protein
(14). Bet consists of the 88 amino-terminal amino acids ally found in foamy virus-infected cells. We could demon-
strate the emergence and accumulation of this provirusof Taf and the complete coding capacity of orf-2 (14). The
function of Bet is still unknown. SFVcpz is almost identi- soon after transfection of cells with full-length infectious
DNA of SFVcpz. This result supports a novel hypothesiscal to the chimpanzee isolate SFV serotype 6 (SFV-6) (5,
3) and highly homologous to the unique human foamy for a role of the deleted provirus in foamy virus latency
(21, 20).virus (HFV) isolate (7, 11), but only distantly related to
SFV-1 and SFV-3 isolated from rhesus (13) or African Long PCR is a modification of the commonly used
method, which allows amplification of target sequencesgreen monkeys (16), respectively. Infectious clones of
HFV have been described (19, 10) which are, however, up to 35 kbp with increased fidelity (2). The SFVcpz provi-
rus, however, was amplified as two overlapping frag-incomplete in the U3 regions (8). No biologically active
cloned DNA of SFV is available so far. In view of the ments. This was necessary due to the redundancy of the
proviral LTRs. Template DNA was prepared from SFVcpz-potential use of foamy virus sequences in gene delivery
systems (22), infectious clones of SFV isolates would be infected Cf2Th cells (8). The oligonucleotide primers to
amplify the 5* segment of SFVcpz were P1, 5*-TGTGGT-advantageous.
GGAATGCCACTAGAAATCAGG-3*, representing bases
1–27 of the provirus, and P2, 5*-TAGGGTCGACTAGGCC-1 To whom correspondence and reprint requests should be ad-
dressed. Fax: /49 761 203 6639. CACAAAGGCTCTAGC-3*, which primes in reverse orien-
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tation at the bases 8768 –8798 and includes two mis- transmitted. The infectious clones are pSFVcpzB3, -B4, -
C3, and -C4 (Fig. 1E).matches (in italics) to introduce a silent SalI restriction
endonuclease recognition site (underlined). The 3* seg- The clones pSFVcpzB1 and -C1, which after transfec-
tion induced CPE but no infectious virus, contained 5*ment was amplified with P3, 5*-GGCCTAGTCGACCCT-
AAGTTTCCCCCTTCC-3*, hybridizing to bases 8783 – proviral fragments that contributed to fully infectious
clones (Fig. 1E). Obviously, the 3* fragment pSFVcpz18812 with mismatches complementary to P2, and P4, 5*-
TGTCATGGAATTTTGTATATTGATTATCC-3*, matching in causes impairment of these proviral clones. Restriction
enzyme analysis did not reveal any difference betweenreverse orientation with the terminal proviral bases
13,218–13,246 (Fig. 1A). Long PCR was performed in 20 pSFVcpz1 and pSFVcpz2 to -5. An immunoblot with se-
rum of an SFV-infected chimpanzee (23) was performedmM Tris–HCl, pH 8.5, containing 10 mM KCl, 10 mM
ammonium sulfate, 2 mM MgSO4 , 0.1% Triton X-100, 0.05 on protein extracts prepared from cells transfected with
the infectious clones or pSFVcpzB1 and -C1. The lattermg BSA, dNTPs at a concentration of 1.25 mM, and 20
pmol/50 ml of each oligonucleotide primer. The reaction exhibited an identical but weaker expression pattern than
cells transfected with infectious DNA (data not shown).was catalyzed with 2 units Taq polymerase (Promega)
and 2 units Taq Enhancer (Stratagene), which contains Since transcription of the foamy virus structural genes
strictly depends on the preceding expression of Taf (18),a thermostable DNA polymerase with 3* exonuclease
activity. After a hot start, 35 cycles of 8 sec at 947 to the taf gene in pSFVcpz1 should not be mutated. Whether
cells transfected with pSFVcpzB1 and -C1 release defec-denature template DNA, 1 min at 607 for primer anneal-
ing, and 6 min at 727 for elongation were performed in tive virus particles cannot be excluded.
In retrospect, two of four PCR-derived 5* fragmentsa Thermocycler (Perkin–Elmer).
Long PCR of the 5* proviral part rendered a single contributed to infectious clones after combination with
two of five amplified full-length 3* fragments. The re-band of 8.8 kbp including the 5* LTR, gag, pol, and reach-
ing into the env gene. Amplification with P3 and P4 gave maining clones may be inactive for several reasons. A
third 3* orf encompassed by orf-2 was found in HFV butrise to a doublet of bands between 4 and 4.5 kbp (Figs.
1A and 1B). The larger band contains the continuous 3* not in SFV-1 or SFV-3 (13, 16). Sequence analysis of
SFVcpz had revealed a candidate orf-3 with an in-framefragment including the transmembrane part of env, taf,
orf-2, and the 3* LTR. The smaller band is DNA amplified stop codon (8). Partial sequence analysis of the infec-
tious clones pSFVcpzB3 and -C4 verified this stop codon.from an SFVcpz provirus bearing a specific deletion of
301 bp in the taf gene between nt 10,353 and 10,655 Consequently, the lack of protein expression from this
orf is not the reason for impairment of proviral clones.(Fig. 1A). Proviral DNA with this deletion is generally
observed in foamy virus-infected cells (8). Gel-purified More likely, it is due to the abundance of unintegrated
proviruses in infected cells (A. Mergia and M. Schweizer,fragments were cloned into the vector pCR II (Invitrogen),
which ligates to PCR-derived DNA fragments in either personal communications). The respective fragments
may have been amplified from accumulated defectiveorientation. Four molecular clones with the 5* fragment
(pSFVcpzA to -D) and five clones that contained the con- DNA. Certainly, nucleotide incorporation errors may also
occur during long PCR. Still, the long PCR method appliedtinuous 3* proviral part (pSFVcpz1 to -5) in the orientation
given in Fig. 1C were selected for subcloning as illus- in this work proved to be a valid method to easily clone
complete biologically active retroviral genomes. Othertrated in Fig. 1D. Since biologically inactive DNA might
have been coamplified, or nucleotide exchanges might RNA virus genomes may be cloned accordingly after a
preceding step to generate cDNA.have occurred during PCR, these cloned fragments were
combined in a chessboard manner, yielding 20 plasmids Since the homology between the deduced amino acid
sequences of SFVcpz Taf and HFV Bel1 is 86%, or 93%containing complete full-length proviruses. In accor-
dance to the parental clones they were designated when conservative exchanges are neglected (8), we as-
sumed that these proteins could complement for eachpSFVcpzA1 and so forth (Fig. 1E).
All 20 proviral clones were examined for biological other. To investigate if SFVcpz Taf is able to transactivate
the LTR promoter of HFV, we utilized BHK cells harboringactivity by transfection of susceptible cells. BHK cells (2
1 105) were transfected with 5 mg plasmid DNA by the DNA coding for the lacZ gene under control of the HFV-
LTR (BHK-LTR-lacZ) (22). Expression of the reporter geneLipofectin method (Life Technologies) and observed up
to 10 days for the appearance of the cytopathic effect in these cells is inducible by HFV-Bel-1 and can be visu-
alized after fixation with glutardialdehyde by in situ stain-(CPE) induced by foamy virus replication marked by mul-
tinucleated and vacuolated giant cells. CPE occurred in ing with X-gal as described previously (24, 3). The taf
gene from pSFVcpzB3 was subcloned into the expres-6 of 20 transfected cell cultures between 36 and 96 hr
posttransfection. To monitor whether these cultures pro- sion vector pSV24A7 downstream of the SV40 early pro-
moter to generate pSFVcpztaf. Upon transfection of BHK-duced transmissible virus, supernatants were cleared by
filtration and transferred to uninfected BHK cells. From 4 LTR-lacZ with pSFVcpztaf, blue staining of cells indicated
cross-transactivation of the HFV-LTR by SFVcpz Taf. Also,of these 6 cultures infectious virus could be successively
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syncythia induced in BHK-LTR-lacZ transfected with
pSFVcpzB3 turned blue after addition of X-gal. Control
transfections with pSFVcpzDtaf1 (see below) or pSFV-
3taf expressing the transactivator of SFV-3 (17) did not
induce any blue staining in BHK-LTR-lacZ (Fig. 2).
To see if Bel-1 of HFV can transcomplement for SFVcpz
Taf, three different cell lines were transfected with
pSFVcpzB3. The cells were common BHK, BHK-LTR-lacZ,
and BHK cells stably expressing Bel-1 of HFV under the
control of a heterologous promoter (BHK-Bel-1) (A.R., un-
published). Giant cell formation in BHK-Bel-1 cells began
approximately 12 hr earlier than in both other cell lines
(data not shown). This observation provides indirect evi-
dence for cross-transactivation of SFVcpz by Bel-1 but
remains to be confirmed by a quantitative assay.
HFV, SFV-1, and SFV-3 contain an intragenic promoter
upstream of bel-1 or taf, respectively, which directs early
gene expression of the regulatory genes (9, 12, 4). An
internal promoter was predicted to be located between
nt 9500 and 9900 of the SFVcpz provirus (8). To provide
experimental evidence for this promoter, BHK-LTR-lacZ
cells were transfected with molecular clones pSFVcpz1
to -5 which contain the 3* segments of SFVcpz including
the predicted internal promoter sequence (Fig. 1C). Blue
staining by conversion of X-gal occurred in all five
transfected cultures, indicating the expression of Taf reg-
ulated from upstream sequences (data not shown). This
verified the presence of an internal promoter in SFVcpz.
This result also shows that all 3* proviral halves, com-
bined with 5* halves to generate complete clones, en-
code intact taf genes. Thus, regions other than taf ac-
count for the functional deficits of pSFVcpz1, -2,
and -5.
The second proviral form detected in foamy virus-in-
fected cells with the 301-bp deletion in taf originates from
singly spliced RNA with joined exons of bet. After reverse
excised from the gel and purified for cloning. (C) PCR-derived fragments
were cloned into the vector pCR II (3.9 kbp). Only plasmids with inserts
ligated to the vector in the indicated orientation were selected for
subcloning. Four plasmids of 12.7 kbp contained a 5* proviral fragment
(pSFVcpzA to -D), five plasmids of 8.35 kbp contained a full-length 3*
proviral fragment (pSFVcpz1 to -5), and three plasmids of 8.05 kbp
contained a 3* fragment derived from the taf-deleted provirus. The sizesFIG. 1. Strategy to generate infectious molecular clones of SFVcpz.
of the plasmids were confirmed by restriction analysis. S, Sal I, and N,(A) The proviral 5* and 3* parts were amplified independently with
NotI, restriction sites created by PCR or present in the polylinker ofoligonucleotide primers P1 and P2 and P3 and P4, respectively. The
pCR II, respectively. Note that the 12.7-kbp plasmid is not drawn toprimer positions and the fragments to be amplified are shown in rela-
scale. (D) To combine proviral fragments to full-length proviral clones,tion to the SFVcpz provirus. Lengths of the amplified fragments are
the inserts of the 12.7-kbp plasmids were excised with Sal I and NotI.indicated. Primer sequences and cycling conditions are described in
The 8.35-kbp plasmids were cleaved with Sal I and NotI and ligated tothe text. P2 and P3 created Sal I restriction endonuclease recognition
the 5* proviral fragments flanked by the same restriction sites. The sizesites. (B) Agarose gel analysis of long PCR amplimers. Lanes: (1) 5*
of the resulting plasmids is 17.15 kbp. To generate proviral clonesfragment of the SFVcpz provirus after amplification with primers P1 and
carrying the deletion in taf, the 8.05-kbp plasmids were subclonedP2 from DNA of SFVcpz-infected Cf2Th cells; (2) control PCR with P1
accordingly. (E) The cloning procedure described in (D) was performedand P2 on DNA prepared from uninfected Cf2Th cells; (3) PCR products
in a chessboard manner to combine all 5* proviral fragments fromfrom PCR with P3 and P4 from infected cells. The doublet of bands
pSFVcpzA to -D with all 3* fragments from pSFVcpz1 to -5. Upon trans-contains the full-length 3* proviral fragment and the fragment derived
fection of susceptible cells, 14 full-length clones were inactive, 2 clonesfrom the taf-deleted proviral form; (4) control PCR with P3 and P4; (M)
induced syncytia formation but no infectious virus, and 4 clones provedmarker DNA. The fragments marked with arrows in lanes 1 and 3 were
to be infectious.
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FIG. 2. X-gal staining of transfected BHK-LTR-lacZ cells. Cells (2 1 105) were transfected with 5 mg of plasmid DNA. The cells were fixed 36 hr
posttransfection with 0.5% glutardialdehyde in PBS and stained with 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-gal). Cells were examined
in a light microscope at 100-fold magnification after incubation for 4 hr at 377 to allow blue color to develop. (A) pHFV2, (B) pSFVcpzB3, (C) close-
up of a single stained cell with extensive multinucleation shown in (B) at 320-fold magnification, (D) pSFVcpztaf, (E) pSFV-3taf, (F) mock-transfected
cells.
transcription, the shorter provirus accumulates in in- panzees are well documented (8, 23). This report demon-
strates the functional relatedness of HFV Bel-1 andfected cells (8, 21). We monitored its occurrence after
transfection of BHK cells with pSFVcpzB3. Genomic DNA SFVcpz Taf. Both transactivator proteins are able to com-
plement for each other although their amino acid homol-was prepared at intervals after transfection and sub-
jected to regular PCR analysis with oligonucleotides ogy is the lowest amongst any gene product of both
viruses (8). Sequence variation of SFV isolates within aflanking taf. Amplimers of 755 bp derived from continuous
proviral DNA and of 454 bp indicated the presence of the
deleted provirus. The latter fragment was first detected at
48 hr posttransfection and accumulated over time (Fig.
3). To analyze whether molecular clones bearing the de-
letion would replicate and get packaged upon transcom-
plementation in BHK-Bel-1 cells, six proviral clones des-
ignated pSFVcpzDtaf1 to -6 were generated from
pSFVcpzB and -C combined with three clones derived
from the 4.15-kbp 3* proviral fragments described above
(Figs. 1A, 1C, and 1D). Upon transfection, two of these
constructs induced a marginal CPE in BHK-Bel-1, but not
FIG. 3. Time course illustrating the appearance of the taf-deleted
in normal BHK cells. No CPE was observed after transfer provirus after transfection with infectious SFVcpz DNA. Cultures of 2
of supernatants to untransfected BHK-Bel-1 cells (data 1 105 BHK cells in 3.5-cm-diameter culture dishes were transfected
with 2 mg pSFVcpzB3. For PCR analysis cells were harvested at timesnot shown). Since the 3* fragments contained in the
indicated below. At 57 hr posttransfection, the remaining cultures wereSFVcpzDtaf plasmids may be impaired for reasons
trypsinized and reseeded at a rate of 1/10 to avoid overgrowing. PCRstated earlier, additional clones will be required to ana-
was performed with primers flanking the taf gene that amplify the
lyze whether SFVcpzDtaf can be packaged into virions. proviral sequence between nt 9998 and 10,753, yielding an amplimer
The biological significance of the shorter provirus is of 755 bp from full-length proviral DNA or 454 bp from the deleted
provirus. The fragment of approx 280 bp in size is an unspecific amplifi-underlined by a recent study demonstrating the estab-
cation product from cellular DNA. Lanes: (1) 8 hr, (2) 20 hr, (3) 32 hr,lishment of latent, nonlytic infection in cell culture by the
(4) 48 hr, (5) 57 hr, (6) 69 hr, (7) 80 hr, (8) 90 hr, and (9) 100 hr post-
analogous bel-1-deleted HFV provirus (20). transfection, (10) uninfected cells, (11) water control, (12) pSFVcpzB3,
The high sequence homology and close serological (13) pSFVcpzDtaf1, (M) marker DNA. At 100 hr posttransfection most
cells were destroyed.relationship between HFV and SFV isolated from chim-
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